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Symbol Explanation Unit
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Abstract
This thesis is part of the research activities carried out at Dipartimento di Ingegneria
Civile ed Industriale for the development of the landing/roll-out simulator of a light jet
aircraft. The main objective of the simulator is to assess the feasibility of implementing
automatic control functions for the directional control of the aircraft through the combined
use of standard commands(steering and rudder) with hydraulic differential brakes. The
present work is focused on the design and verification of the aircraft simulator control laws,
with particular reference to pressure control, heading control and ground path control.
Aiming to provide feasibility indications, the simulator includes the 6-DOFs model of the
aircraft and detailed models of hydraulic brakes, shock-absorbers tyre loads(via Dugoff
formulae), and digital signal processing controllers. To face the complexity of the plant
and the nested architecture of the three closed loop controls, a progressive approach to the
system verification, is used, with simulation studies performed on models characterised by
different levels of sophistication. Once defined the control laws, the system robustness is
finally addressed by characterizing the performances at different runway conditions and
with failures to the nose wheel steering.
2
Introduction
This thesis analyses the performances of a light jet aircraft during the landing roll-out
phase (i.e. from the touchdown to the taxi condition) through a flight simulator. This
model has three main blocks, in the Aircraft and tires block there are the 6-DOFs dynamic
with the kinematic relation that allow to evaluate the position of the aircraft, the Dugoff
model evaluates the interaction forces between tire and runway and the shock absorber
model gives the vertical loads of the aircraft. In the Brake system block all elements of the
hydraulic pressure brake are implemented as the small pistons dynamic or the proportional
servo valve. In the Control logics block there are the controllers of the three command
axes and the slip ratio controller.
The purpose is to reduce lateral gap and longitudinal path maintaining the safety
margins requested by flying qualities. To improve the aircraft performances two controllers
are designed, in particular the task of the second one is to realign the aircraft on the center
line of the runway. The state of art is described in the first chapter, in the second one
the pressure line of the hydraulic brakes has been analysed. In the third chapter the
ground path controller controller has been realized , in particular the system has been
analysed with a frequency approach. The system has been digitized, in particular has
been considered the presence of a velocity sensor while the yaw angle is given by a INS. In
the fourth chapter many non linear analysis have been done to evaluate the real response
of the system since that the model has a lot of non linearities. With the non linear analysis
has been shown the great potentiality of the differential brakes.
3
Chapter 1
State of art of control techniques
Usually crosswinds and adverse conditions that reduce the runway coefficient of friction
interfere with or limit the operation of aircraft. In particular, depending on the crosswind
severity and the runway conditions, the width of the runway, the type of aircraft it may be
impossible to land at an intended destination while maintaining adequate safety margins.
In such a situation, the aircraft often must be diverted to an alternate landing site or its
landing delayed until wind and/or runway conditions improve to a point that a landing
attempt is well within the operational capabilities of the aircraft and its crew. Needless
to say the resulting delays and diversions are costly in terms of fuel and time expended
and can cause interruptions in scheduled aircraft operation[3] so the possibility to land in
critical condition can be an enormous advantage from an economic point of view.
1.1 Landing roll-out: a critical mission phase
Aircraft landing is a difficult manoeuvre, to be executed in the better way the pilot must
achieve many goals according to the phase. When the aircraft passes the runway threshold
the goals are[1]
• Altitude about 50 ft above runway threshold
• Aircraft configured for landing (landing gear, flaps and slats, etc.)
• Correct and steady forward speed
• Correct and steady descent rate(3 m/s)
• Appropriate power setting
• Wings level
when the aircraft is on touch-down the goals are[1]
• Brakes applied
• Power engine reduced
• Additional devices deployed (thrust reversers, lift dump, ground spoilers etc.)
• Directional control maintained
LDR(landing distance required), shown in Figure 1.1, is the distance derived by applying
a safety factor to the actual landing distance1. The LDR depends on several factors[1]:
1is the distance used in landing and braking to a complete stop(on a dry runway) after crossing the
runway threshold at 50 ft
4
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• The aircraft landing mass
• The surface wind and temperature
• The runway surface conditions (dry, wet or contaminated)
• The condition of aircraft braking systems
The lack of some device(brakes, anti-skid, reverse thrust, lift-dump, etc.) or critical con-
ditions(wet runway, crosswind, etc.) can considerably influence the landing. A perfect
landing is virtually impossible in fact landing depends on a high number of variables so
that it is impossible to control all simultaneously.
Figure 1.1: Typical aircraft landing[1]
The landing is so a critical mission, in fact as shown in Figure 1.2, the landing has a small
percent duration(only 1%) on a complete mission but an high number of accidents happen
during this phase(24%). The main reasons of accidents are shown in Figure 1.3, the third
reason due to accidents is Runway Excursion2 so study landing phase and improve the
aircraft behaviour is very important to avoid accidents.
2A runway excursion occurs when an aircraft departs the runway in use during the take-off or landing
run
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Figure 1.2: Fatal Accidents and Onboard Fatalities by Phase of Flight[2]
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Figure 1.3: Fatalities by CICTT Aviation Occurrence Categories[2]
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Since the 50s the landing was study object and a lot of patents were made to allow landing
in critical conditions. A. W. Blanchard[7] had created a control over the aircraft ground
roll trajectory based on rudder control when the aircraft had high speed and on nose
wheel steering control when the aircraft had low speed. Such patent was very good in
normal conditions but not with critical conditions(wet runway or crosswind). An other
patent[8] was made by Boone for guiding an aircraft through the landing rollout not only
for crosswind landings on relatively normal runway surfaces, but could only be used on the
airfields equipped with special radio equipment. An other patent was made by Kilner, J.R.
and Warren, S.M.[3], they designed a control system for maintaining an aircraft within
the lateral boundaries of a runway during landing roll-out under conditions of combined
crosswind and low runway friction. In this patent the aircraft position and velocity signals
were generated by an inertial navigation system and rudder, steering and braking systems
assisted in maintaining the aircraft on the runway. The three command axes worked
together with specify temporal sequence :
• the rudder was the primary control to be used
• when the speed reduced both rudder and nose wheel steering were used
• differential braking signals were used when, at low speed, rudder and steering were
not able to give the necessary corrective action
In Figure 1.4 is depicted the working scheme
Figure 1.4: Working scheme of Kilner and Warren’s directional control[3]
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1.2 Ground path control
Ground path control is a type of service provided by air-traffic controllers whereby they
guide aircraft to a safe landing, including in adverse weather conditions(crosswind etc.).
Many articles are founded in literature, in [9] the path following control problem of aircraft-
on-ground focuses on the task that the aircraft is required to follow the desired path on the
runway by nose wheel automatic steering, the approach is based on dynamical adaptive
backstepping control. In [10] path planning and control algorithms are separated. The
path planning is done by calculating the shortest time path through all of the waypoints in
the presence of a known constant wind, this algorithm produces a ground path that can be
tracked by the control algorithm. The control algorithm breaks the desired trajectory into
smaller sections which can each be approximated by a polynomial. A spatial sliding surface
controller is then used to track each polynomial. Another approach is the anti-windup
design[4], it is used to avoid saturation problems. With this technique the controller is
divided in two part, the firt one is devoted to achieving nominal performance and the other
one is devoted to constraint handling. The attention is on taxiway maneuvers, which are
mainly performed below 40 kts so the lateral motion on-ground is only controlled via
the nose wheel steering system, nevertheless this technique can be applied in high speed
situation with also a rudder control. The purpose of the controller is to obtain the best
lateral performances, with also external disturb as gust, without saturations due to the
ground forces. A nominal controller, depending on the aircraft longitudinal velocity Vx, is
designed when no saturations are active, it is realized with a control in yaw rate depicted in
Figure 1.5. In Figure 1.6 is depicted the scheme to realize the second part of the controller.
Figure 1.5: Scheme of yaw rate loop control [4]
The control technique used in this work is the inversion model, this technique is more
suitable to some change of the parameter of the model and it’s more simply, so from an
aeronautical point of view the system is certificable with less problems.
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Figure 1.6: Scheme of yaw loop control [4]
1.3 Pressue control
Antiskid brake control and auto-braking can be improved by using an pressure control
loop. In [5] there is a combining partial feedback linearisation and linear H∞ control that
guarantee stability and robustness, in Figure 1.7 is depicted the general scheme.
Figure 1.7: General scheme of pressure control[5]
The purpose of the controller is to improve the response from the reference pressure to the
brake pressure. Initially, to design the controller, the system is symplified with a partial
linearization than the linear H∞ control is applied.
1.4 Previous and parallel thesis works
The starting point of this thesis is related to the previous works:
A braking system preliminar model was developed in[6]. In the first part a 4 DOFs
model was developed according to the following hypothesis :
• rigid body
• constant mass
• tricycle landing gear configuration
• constant aerodynamic coefficient
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• small pitch perturbations
• speed lower than 150 kts
The model allowed the study of the longitudinal aircraft stability and it had four degrees
of freedom :
• aircraft translation along the longitudinal axis
• aircraft translation along the vertical axis
• aircraft rotation along the pitch axis
• wheel rotation along the hub
Once defined the model, the aircraft was controlled with a slip ratio and acceleration
feedbacks and the controlled variable were constant. The control technique is Loopshap-
ing with gain mapping. With a non linear simulation in Matalb-Simulink the controller
effectiveness was verified.
A lateral control of the aircraft was developed in [11]. In the first part a 3 DOFs model
was developed according to the following hypothesis :
• rigid body
• constant mass
• negligible effects of rotating mass
• negligible effects of roll angle
• symmetric thrust
The model allowed the study of the lateral aircraft stability and it had three degrees of
freedom :
• aircraft translation along the longitudinal axis
• aircraft translation along the lateral axis
• aircraft rotation along the zeta axis
Once defined the model a non linear simulation was realise in Matlab-Simulink.
A completete model was developed in[12]. In the first part a 6 DOFs model was
developed according to the following hypothesis :
• rigid body
• constant mass
• negligible effects of rotating mass
• symmetric thrust
• negligible structural deformations
The model allowed the study of aircraft stability and it had six degrees of freedom :
• aircraft translation along the longitudinal axis
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• aircraft translation along the vertical axis
• aircraft translation along the lateral axis
• aircraft rotation along the pitch axis
• aircraft rotation along the yaw axis
• aircraft rotation along the roll axis
Once defined the model, a shock absorber model was developed with a heading control
and in the last part a non linear simulation was realized.
A new transfer function of the nose wheel steering actuator has been received from a
parallel activity about the control of an electro-mechanic actuator.
1.5 The reference aircraft
The reference aircraft is a business jet aircraft with a T-tail. The reference article about
the aircraft is in [13], the geometric features are depicted in Figure 1.8 and Table 1.1
Figure 1.8: Aircraft details [4]
Symbol Defintion Value Unit
mac Aircraft mass 4536 kg
b Wingspan 10.4 m
S Reference surface 21.5 m2
c¯ Mean aerodinamic chord 2.14 m
lgear Width main landing gear(mlg) 4.93 m
bM Distance mlg-center of gravity 0.74 m
bN Distance nlg-center of gravity 4.19 m
h0 Height center of gravity 1 m
Table 1.1: Aircraft aeromecchaniche characteristics
Chapter 2
Design of the hydraulic brakes
pressure control
Most of the stopping power for transport aircraft during landings and rejected takeoffs
is provided by the wheel brakes. The brake pressure is usually controlled by an electro-
hydraulic pressure valve. Hydraulic power is almost exclusively preferred for actuators in
aircraft because it offers high power to weight ratio and reliable, self-lubricating operation.
On the other hand, dynamics of hydraulic actuators are predominantly non linear and
depend on factors which are difficult to measure or estimate on-line, such as oil bulk
modulus, viscosity, and temperature[5]. The simulated airplane has an hydraulic brake
system composed by four small pistons pulling on the pressure plate, which acting on
rotor and stator disks, gives a deceleration to the wheel. Four springs, one for each small
piston, bring again the small pistons to the rest position. When the brake is requested the
pressure in the chamber pressure increases and rotors scrape on stators. The generated
torque is opposite to the angular velocity of the wheel, so the wheel decelerates. The
hydraulic brake system with a single small piston is schematically depicted in Figure 2.1.
The torque depends on several factors :
• friction of the contact surfaces
• temperature of the rotor and stator disks
• scraping velocity of rotor and stator disks
Figure 2.1: Symplified brake system[6]
13
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2.1 Architecture and requirements
The value of the pressure deriving by the block "Antiskid and Heading regulators" is
a reference value that must be chased by the brake system, so a closed loop system is
necessary. The error signal of the pressure multiplied by the transfer function of the
pressure controller gives the reference signal of the spool displacement of the proportional
servo valve, the real displacement of the spool depends on the dynamic of the servo valve
itself. A detail of the simulink scheme is depicted in Figure 2.2.
Figure 2.2: Detail of scheme in simulink
The movement of the spool determines the value of the area of the orifices then the values
of pressure.
2.2 Nonlinear model of the hydraulic brake
The equation of the block "Brake system" are strongly non linear. The equations describing
the system dynamic are :
P˙a =
β
NpApxa
(qa −ApNpx˙a) (2.1)
qs = Cd
√
2
ρ
As
√
Ps − Pa (2.2)
qr = Cd
√
2
ρ
Ar
√
Pa − Pr (2.3)
qa = qs − qr (2.4)
As = w(xv + r) (2.5)
Ar = w(r − xv) (2.6)
mpNpx¨a = PaApNp −Kdxd −KsaNpxa − Cx˙aNp (2.7)
A rappresentation of ome previous variables is in Figure 2.3
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Figure 2.3: Brake system[6]
The small pistons’ dynamic, in equation (2.7), is described as a mass spring damper
system, the equation (2.1) is obtained from the mass balance equation. Taking in account
the following Figure 2.4, the mass balance equation becomes
qa =
ApNpxaP˙a
β
+ApNpx˙a (2.8)
the first term to the second member of equation (2.8) represents the compressible term
that depends principally on the compressibility of the fluid, the second term represents
the variation of control volume.
Figure 2.4: Control volume for the equation (2.1)
The equations (2.2) and (2.3) are obtained by the definition of concentrated pressure
drop, the equations (2.5) and (2.6),depicted in Figure 2.5, describes the area of the orifice
as a function of spool displacement.
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Figure 2.5: Servovale with a negative cover[6]
2.3 Linearised perturbation model and system transfer
functions
A non linear model has to be decomposed into two parts to study the model stability: an
equilibrium one and a perturbation one. The perturbation model is a linear model: giving
to it small perturbations, it’s possible study its stability. Before obtaining the linearised
model, it’s necessary to calculate equilibrium condition.
2.3.1 Equilibrium condition
The airplane has a constant deceleration of −3m/s2 and the main landing gear takes the
85 percent of the total weight, so the second Newton’s law becomes
− Fa = −Rµ = ma→ µ = −a0.85g ≈ 0.36
where Fa is the friction force. Neglecting the inertia of the wheel, with a balance to the
rotation around the wheel’s center of gravity, the following equation is obtained
Fa ·Re = T = Fd · LdT
where: Re is the wheel rolling radius, T is the torque, Fd is the reaction force of the disk
stack and LdT is the ratio between T and Fd and
LdT =
4
3
R3ext −R3int
R2ext −R2int
Ndf
where Nd is the number of disks, Rext and Rint are respectively the external radius and
internal radius of rotors. The equilibrium small pistons position xaeq and the equilibrium
pressure Paeq are
xaeq = xdeq + xztp = Fd/Kd + xztp Paeq =
Fd +KsaNpxaeq
ApNp
xztp is an ideal position where the small pistons are at the minimum distance from the
brake disk stack, without generating torque (ztp is for "zero torque pressure). At the
equilibrium point, the flow rate is zero in the chamber pressure, so the equilibrium spool
displacement is
qseq = qreq → xveq = rλ− 1
λ+ 1 λ =
√
Paeq − Pr
Ps − Paeq
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2.3.2 The linearised model
Indicating with ˜ the perturbation elements and with / the negligible elements, the pre-
vious equations (2.1), (2.2), (2.3), (2.7) become

P˙aeq + ˙˜Pa =
β
NpAp(xaeq +˜xa)
(
qaeq + q˜a −ApNp(x˙aeq + ˙˜xa)
)
(2.9)
qseq + q˜s = qseq +
∂qs
∂xv
∣∣∣∣∣
xveq
Paeq
(xv − xveq) + ∂qs
∂Pa
∣∣∣∣∣
xveq
Paeq
(Pa − Paeq) (2.10)
qreq + q˜r = qreq +
∂qr
∂xv
∣∣∣∣∣
xveq
Paeq
(xv − xveq) + ∂qr
∂Pa
∣∣∣∣∣
xveq
Paeq
(Pa − Paeq) (2.11)
mpNp(x¨aeq + ¨˜xa) = (Paeq + P˜a)ApNp −Kd(xdeq + x˜d)
−KsaNp(xaeq + x˜a)− CNp(x˙aeq + ˙˜xaeq)
(2.12)
The previous partial derivative can be rewritten
∂qs
∂xv
= wCd
√
2
ρ
√
Ps − Pa
∂qs
∂Pa
= −AsCd2
√
2
ρ
1√
Ps − Pa
∂qr
∂xv
= −wCd
√
2
ρ
√
Pa − Pr
∂qr
∂Pa
= ArCd2
√
2
ρ
1√
Pa − Pr
Observing that PaeqApNp −Kdxdeq −KsaNpxaeq = 0, xaeq = xztp + xdeq, xv − xveq = x˜v
and Pa − Paeq = P˜a the equations (2.9), (2.9), (2.11), (2.12) give the following equations
system 
˙˜Pa =
β
NpApxaeq
(
q˜a −ApNp ˙˜xa
)
q˜a = Kvx˜v −KcP˜a
mpNp ¨˜xa = P˜aApNp −Kdx˜d −KsaNpx˜a − C ˙˜xaNp
(2.13)
The terms Kv and Kc are respectively called flow rate gain and pressure gain, they are
defined as
Kv = Cd
√
2
ρ
w
(√
Ps − Paeq +
√
Paeq − Pr
)
Kc =
Cd
2
√
2
ρ
(
Aseq√
Ps − Paeq +
Areq√
Pr − Paeq
)
The system can be written in matrix form by using Laplace trasform, x˜a and P˜a are the
unknowns. Assigning k = Ksa +KdNp, let’s obtain sNpAp Kc +NpApxaeqs/β
mps
2 + Cs+ k −Ap

x˜a
P˜a
 =
Kvx˜v
0

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Two transfer functions can be obtained from this system: Gp and Gx that are
Gp =
P˜a
x˜v
= −Kv(mps
2 + Cs+ k)
∆(s)
Gx =
x˜a
x˜v
= −KvAp∆(s)
∆(s) comes by calculating the determinant of the coefficient matrix
∆(s) = −
[
NpApxaeqmp
β
s3+
(
Kcmp+
NpApxaeqC
β
)
s2+
(
NpA
2
p+KcC+
NpApxaeqk
β
)
s+kKc
]
Gp gives the pressure in the chamber pressure, related to the spool displacement; Gx gives
the displacement of the small pistons, related to the spool displacement.
2.3.3 Pressure controller design
A scheme of the linearised system is depicted in the following figure 2.6, where Gv =
ωv
2/(s2 +2ζvωvs+ωv2) is the transfer function of the servovalve dynamic, S is the transfer
function of a sensor and C is the transfer function of the controller.
Figure 2.6: Closed loop scheme
The open loop transfer function is GvGp
GvGp =
2.5075e19(s2 + 5000s+ 1.582e8)
(s+ 137.9)(s2 + 527.8s+ 1.421e5)(s2 + 5082s+ 2.524e8)
Bode diagram and the root locus are depicted in figure 2.7, 2.8. The root locus is drawn
with a postive gain.
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Figure 2.8: Root locus of G
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The pressure controller has to respect the features reported in table 2.1. The two zeros
doesn’t have to be too high, otherwise they can’t be digitized.
e∞ φM ωB
0 >60° >80rad/s
Table 2.1: Requests for the pressure controller
The designed controller that guarantees all the requests is
C = 310
−15(s+ 250)(s+ 100)
s
With the previous controller the system has :
• bandwith1 of 86rad/s
• phase margin 99°
• gain margin infinite
The behaviour of the system with the pressure controller is depicted in figure 2.9, 2.10
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Figure 2.9: Bode and root locus diagrams of GvGpC
1the bandwith is about the value that gives an offset of 45 degrees in the closed loop phase diagram, a
negative zero increases the phase so the offset is located in a higher value
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Figure 2.10: Zoom of root locus in figure 2.9
To take in account the effect due to sensors, the scheme in simulink has been digitized
according to the table 2.2:
Frequency Type of sensor
1 KHz 12-bit
Table 2.2: Features of pressure transducer
The pressure controller has been digitized using the Tustin transformation
z = esT ≈ 1 + sT/21− sT/2
the digitized controller becomes
C = 2.7349 · 10−12 (z − 0.7778)(z − 0.9048)(z − 1)(z − 0.2283)
T is the sample time defined as T = 1/F , where F is the frequency of the loop.
With a non linear analysis in simulink, the goodness of linearization and digitization have
been verified. In figure 2.12 is depicted the scheme of simulink and in figure 2.13 is depicted
the time response for a step torque input.
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Figure 2.11: Digitized scheme of pressure in simulink
Figure 2.12: Scheme of comparison in simulink
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Figure 2.13: Comparison of the perturbative step response
From the time response, it is clear that this system responds quickly, the maximum er-
ror between the analogic is 0.4bar, since input value the value is 21bar, the maximum
percentual error is about 1.9%. The 12-bit sensor has a resolution of
Psmax − Pr
2np = 0.05bar
because the maximum error is 0.4bar and it is bigger than the resolution, this error is not
only a resolution error, due to the quantizer block, but probably a late error, due to the
Zero-Order Hold block.
Chapter 3
Heading control laws tuning and
digital implementation
The directional control of the airplane is realized by three command axes : rudder, steering
and differential brakes. The three axes work together to realign the aircraft to the initial
position that it has when it touches the runway for the first time, also with disturbs as
lateral gust or ground discontinuity. A scheme of the nested loops is depicted in Figure 3.1
The model has many closed loop, listed from the innermost one to the most external one:
• brake pressure control
• anti-skid and heading control
• ground path control
The pressure loop has to follow the requested pressure coming from the block Antiskid and
Heading regulators, the anti-skid loop has to permit a good rolling of the wheel without
any blocking of the tyre, the heading loop, through the three command axes, has the task
to realign the aircraft and the ground path loop gives the right signal to the heading loop
to reduce the distance to the center line. Let’ s notice that in Figure 3.1 the Sx block
allows to evaluate the slip ratio through the angular velocities of the wheels.
24
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Figure 3.1: Scheme of the nested loops
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3.1 Architecture and requirements
The heading control is realized through a combined action of rudder, steering and differ-
ential brake: when the gust runs over the aircraft, the three axes co-work in order to align
the airplane to the runway with a yaw angle equal to zero. The scheme of the control
is depicted in Figure 3.2 where C are the transfer functions of the controllers, G are the
transfer functions relating the yaw angle with the command of one among the three axes,
Ggust is the transfer function relating the yaw angle with the lateral gust speed and H are
the transfer functions of the actuators
Ψ
δr
= −0.28 · (s+ 0.6907)(s
2 + 0.6491s+ 5.316)
s(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
Ψ
δs
= 3.76 · 10−5 · (s+ 0.7349)(s
2 + 0.6413s+ 5.155)
s(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
Ψ
δc
= 1.23 · (s+ 0.7821)(s
2 + 0.6682s+ 5.265)
s(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
Ψ
vg
= −0.012 · (s+ 0.6427)(s
2 + 0.6562s+ 5.513)
s(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
Figure 3.2: Scheme of heading control
The methodology used to obtain the controller is the inversion model, the scheme is
depicted in Figure 3.3.
Figure 3.3: Scheme of heading control for the inversion model
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With the inversion model, the product CG gives a desire function Gdes equal for each axis
Gdes = 2ζ∗ω∗n
s+ ω
∗
n
2ζ∗
s2
where ζ∗ and ω∗n are the unknowns that regulates the system, in particular. The new
transfer function of the steering actuator, received from a parallel activity, has imposed
a stronger constrain: the structure of the function is not anymore a first order with
bandwidth to 25rad/s but it is a second order with lower bandwidth around 12.5rad/s.
The margin phase is lower because of the new steering actuator, as shown Figure 3.4.
Hsteer =
2700
(s+ 20)(s+ 135)
By reduction of ω∗n and leaving unchanged ζ∗ the phase margin raises, the minimum value
of ω∗n is setted imposing a phase margin bigger than 45°, taking into account the effects
due to the actuators.
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Figure 3.4: Phase bode diagram with actuators
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3.2 Directional controller via nose-wheel steering
As said before, the steering axes is the most critical because it is the actuator with the
lowest bandwidth and consequently the biggest phase decay. Since that the three axes must
have a synchronous response, the val Setting ω∗n = 3rad/s the phase margin becomes 45°.
In the following Figure 3.5 are depicted several diagrams about the steering axis.
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Figure 3.5: Bode and root locus of CsGsHs
The complete transfer function of the new controller is
Csteer =
2.9238(s+ 2.5)(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
s(s+ 0.7821)(s2 + 0.6682s+ 5.265)
The controller has been digitized using Tustin transformation, at frequency of 1kHz, so
the discrete time controller Cdsteer is
Cdsteer =
5888.1(z − 0.9975)(z2 − 1.999z + 0.9991)
(z − 1)(z − 0.9992)(z + 1)
3.3 Directional controller via differential brakes
The transfer function of the pressure actuator is changed because of the closed loop on
the pressure, so the new transfer function is
Hbrake =
47260(s+ 250)(s+ 100)
(s+ 157)(s+ 46.8)(s2 + 2 · 0.577 · 401s+ 4012)
With the value of ω∗n setted previously we have obtained a phase margin of 55.2° and
bandwith of 3.2rad/s. In the following Figure 3.6 are depicted several diagrams of the
brake axis.
The complete transfer function of the new controller is
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Figure 3.6: Bode and root locus of CrGrHr
Cbrake =
95725(s+ 2.5)(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
s(s+ 0.7349)(s2 + 0.6413s+ 5.155)
The controller has been digitized using Tustin transformation, at frequency of 1kHz, so
the digitized controller Cdbrake is
Cdbrake =
1.9171 · 108(z − 0.9975)(z2 − 1.999z + 0.9991)
(z − 1)(z − 0.9993)(z + 1)
3.4 Directional controller via rudder
The transfer function of the rudder actuator is the same so reducing the value of ω∗n there
will be a raising of the phase margin. In the following Figure 3.7 are depicted several
diagrams of the rudder axis.
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Figure 3.7: Bode and root locus of CrGrHr
The complete transfer function of the new controller is
Crudder =
−12.74(s+ 2.5)(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
s(s+ 0.6907)(s2 + 0.6491s+ 5.316)
The controller has been digitized using Tustin transformation, at frequency of 1kHz, so
the digitized controller Cdrudder is
Cdrudder =
−25515(z − 0.9975)(z2 − 1.999z + 0.9991)
(z − 1)(z − 0.9993)(z + 1)
Chapter 4
Landing roll-out simulator models
There are two sections in this chapter: the implementing of the non linear model is shown
in the first section, while in the second section is setted the ground path controller. The
hypothesis of the model are:
• Constant mass
• Rigid body with six degrees of freedom
• Negligible structural deformations
• Negligible gyroscopic effects of rotating mass(engine)
• Symmetric thrust
The model has hot also three command axes (rudder, steering and differential brakes), and
three external inputs (thrust, gust and Sxi1), while the reference signal yACi is setted to
zero. Moreover, with some parameters, it is possible to change the runway conditions, in
particular it is possible to choice a wet runway or a small area with a local low friction
coefficient. The goals of this model are:
• To simulate the complete aircraft dynamic;
• To describe the non linear model of brakes;
• To put the ground path and pressure controllers
• To put the pressure and angular velocity sensors
The model has got a continuous-time implementation and a discrete-time implementation.
In the following section the digital implementation is shown.
4.1 Simulator models
At the top level of the discrete time non linear model, depicted in Figure 5.4, there are
many blocks :
• Ground path controller
• Antiskid and Heading regulator
• Brakes and Pressure regulator
• Aircraft and Tires
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Figure 4.1: Top lovel of the discrete-time model
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Name loop Sample time [s]
Pressure 1/1000
Antiskid 1/1000
Heading 1/1000
Ground path 1/100
Table 4.1: Sample time of nested loops
The simulator has many nested loops with different sample times defined in the table 4.1,
in particular the sample time depends on both angular velocity and pressure sensors and
INS: the center line displacement and the yaw angle are obtained by the inertial navigation
system with a sample time of 0.01 s, while the two sensors have got a sample time of 0.001
s, so the other loop have got the same frequency.
4.1.1 Brakes
In the following figures and tables the nested models of the Brakes block are shown
Figure 4.2: Pressure regulator model
Simulink name Type Unit
Ps Input Pa
Pr Input Pa
T_demDX Input Nm
T_demSX Input Nm
Torque_eff_DX Output Nm
Torque_eff_SX Output Nm
Table 4.2: I/O Brakes
1this is a reference value for the slip ratio
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Figure 4.3: Right brake model
Parameter Value Note
Cdservo 0.6 Servo valve resistence coefficient
xvmax 0.5 mm Maximum servo valve movement
Tlim 800 °C Maximum brake temperature
Tamb 30 °C Room temperature
ρsteel 7800 kg/m3 Steel density
Cp 0.13 J/(Kg ·K) Specific heat
f 0.35 Friction coefficient of disks
Bdmax 8 mm Maximum thickness of single brake
Rext 0.15 m External ray of brake disk
Rint 0.08 m Internal ray of brake disk
Nr 2 Number of braking wheels
E 2 · 108 Equivalent young moduls of disks
Np 4 Number of pistons
Rpist 0.01 m Ray of a brake piston
Mp 1 kg Piston mass
xamax 6 mm Maximum piston movement
Pztp 15 bar Zero torque pressure
Tau 4000 Nm Maximum torque
Psmax 21 bar Service pressure
Pr 5 bar Returne pressure
Table 4.3: Brakes parameter
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4.1.2 Aircraft and Tires
This block allows to analyse and to evaluate the 6-DOFs dynamic of the aircraft and all
the forces related with the dynamic itself. The complete structure of the model is depicted
in Figure 4.4.
Figure 4.4: Aircraft and Tire model
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As shown in Figure 4.4 there are many sub-models :
• Wheels dynamic
• Tire features
• Tire forces(Dugoff)
• Aircraft dynamic
• Shock absorbers
In the blocks Rudder actuator and Steering actuator there are the transfer functions of
the actuator with non linear blocks: Rate limiter and Saturation blocks.
Wheels dynamic
The equations for the main landing gear wheels are torque equations with pole on the
wheel center of gravity. The equation of a main landing gear wheel is
Iwθ¨wm = −Tb + Fb(Rr − Sm)
The equation of nose landing gear wheels is
Iwω˙wn + Cwnωwn = Vx/(Rr − Sn)
Let’s notice that Sm and Sn are the tire crushing due to the shock absorbers.
Figure 4.5: Wheels dynamic model
Parameter Value
Rr 0.275 m
Iω 20 kgm2
Vxland 50 m/s
Cωn 80 kgm2/s
Table 4.4: Wheels paremeters
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Figure 4.6: Wheels equation model
Tire features
In this sub-model the tire features, i.e. slip ratio, and αf are evaluated. For more details
see [11].
Figure 4.7: Tire features model
Tire forces(Dugoff)
In this sub-model the interaction forces between tire and runway are evaluated. For more
details see [11].
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Figure 4.8: Tire forces model
Aircraft dynamic
In this sub-model the fundamental features of the dynamic aircraft are evaluated, in
particular:
• linear accelerations
• angular accelerations
• Euler angles
• trajectory of the aircraft
Firts of all, it’s usefull notice that three refence systems are used. They are depicted in :
• inertial axes: is a reference system which has the x axis coincident with the center
line and the zeta axis parallel to gravity vector;
• "vertical local axes": is a reference system, integral with the aircraft. The origin is
coincident with the aircraft center of gravity. The longitudinal axis is directed as
the heading of the aircraft, so it is rotated by yaw angle along the z axis2.
• body axes: is the classical reference system, integral with the aircraft and rotated by
three angles, the Euler angles.
Let’s notice that all dynamic equations are evaluated in body axes, while all the forces and
torques, acting on the aircraft, have to be written in the body axes, using only two Euler
angles : Φ and Θ, because these forces are given in the vertical local axes. The sub-block
Trajectory model evaluates not only the Euler angles, but also the aircraft trajectory. The
inputs of the sub-model Aircraft dynamic are :
• Rudder and steering command(δr and δs);
• Thrust;
• The lateral gust, direct along the y inertial axes;
• The forces acting on the wheels.
The output of the model are :
• yaw angle;
• the angular and linear velocities evaluated in the vertical local axes
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Figure 4.9: Inertial axes and "vertical local axes"
Figure 4.10: Trajectory model
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The equations used to evaluate the trajectory of the aircraft[14] are
vE = TBEvB (4.1)
ΩE = TΩB (4.2)
where TBE is the matrix relating to the body axes with inertial axes, while T is the matrix
relating to the Euler angles derivative with the angular velocities in body axes.
T =

1 sin Φ sin Θcos Θ
cos Φ sin Θ
cos Θ
0 cos Φ −sinΦ
0 sin Φcos Θ
cos Φ
cos Θ

The (4.1) and (4.2) are the kinematic auxiliary equations, a system of six first order
differential equations that allow to evaluate the aircraft attitude and trajectory.
Shock absorbers
The shock absorber model uses the linear and angular velocities (input) to evaluate the
vertical forces acting on the wheels (output). The models are depicted in the following
figures. For more details see [12].
Figure 4.11: Shock absorber model
2the zeta axes of the two reference systems are parallel
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Figure 4.12: Right shock absorber model
4.1.3 Antiskid and Heading regulator
In Figure 4.13 the heading control with the three command axes are depicted. The brakes
have two blocks, so each brake can carry out a different torque (differential brakes).
Figure 4.13: Heading regulator
In Figure 4.14 is depicted the slip ratio control. For more details see [6].
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Figure 4.14: Antiskid regualator
4.2 Ground path controller
The model has also many non linear elements: the equations and the Simulink blocks,
such as rate limiter or saturation. To obtain the transfer function of a so complicated
system, it’s necessary to define the frequency response through points. With the Bode
diagram, it’s possible to define the transfer function of the system and set the controller.
The analysed transfer function is y/Ψi, depicted with a red box in Figure 4.15.
Figure 4.15: Scheme without ground path control
As said before, the transfer function y/Ψi is obtained with a frequency approach, the
simulink model used for this analysis is depicted in Figure 4.16. To analyze the frequency
response, it’s necessary to delete the external disturbance or input and to leave the velocity
of the airplane as much as possible costant3. The setting are:
• vg = 0: the gust is deleted;
• T = Teq: the thrust balances the resistance of the aircraft;
• Sxi = 0: there is no torque on the wheel.
The initial angular velocity of the wheel, ωω0 , is setted to Vland/Rr0 where Vland is the
landing velocity of the aircraft and Rr0 is the ray of the wheel, without any load applied.
So the initial perturbations of the model to arrive to an equilibrium are reduced. The input
3the previous thesis [?] shows that the transfer functions depends on velocity
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of the model is Ψi, a sinusoidal function with amplitude setted to 1°(evaluated in radiant)
and frequency belongs to the range 12pi [0.1rad/s, 10rad/s]
4, the output of the model is
yAC5. In this way, the system is excited with several sinusoidal inputs, characterized
by the same heading demand but different frequencies. When the system goes full speed
through the Fourier blocks, the first harmonic values of the input and output signals
are evaluated, in particular the phase and the amplitude are evaluated. A first point of
the Bode diagram is found by calculating the ratio of the amplitudes and the difference
between the phases. This operation have to be repeated a lot of times to have a reasonable
Bode diagram. Let’s notice two things:
1. The time of the simulation must contain an integer number of sinusoids of Fourier
blocks to avoid numerical miscalculations;
2. The 1st harmonic is setted in the Fourier blocks to evaluate the frequency response
of the system. This choice comes from the Bode plot definition: the steady-state
response of a LTI system, compared to a sinusoidal input, is still a sine wave function
with the same frequency, but with different amplitude and phase.
Figure 4.16: Simulink model used to evaluate the Bode plot y/Ψi
To explain better the point 2), it’s useful to remember that a period function f(t), with
period T = 1/f , can be written with an infinity linear combination of sinusoidal functions
f(t) = a02 +
∞∑
n=1
ansin(2pinft+ ϕn)
an and ϕn are the amplitudes and the phases of the harmonics, while a0 is the mean value
of the signal. The Fourier block(setted to 1st harmonic) evaluates the terms a1 and ϕ1 so,
when the system goes full speed the steady-state response of the signal yAC, has the same
frequency of the sinusoidal input signal and the coefficient a1 and ϕ1 are the amplitude
and the phase of the output signal.
4The ground path control is a slow control, for this reason this range is taken into account
5The distance of the aircraft center of gravity from the center line, evaluated along a direction perpen-
dicular to the center line
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The Bode plot, obtained with the methodology described previously, is depicted in
Figure 4.17
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Figure 4.17: Bode plot of y/Ψi
In the phase of the Bode plot there is a jump due to a non linearity of the Simulink model:
in particular there is a saturation due to the rate limiter of rudder and steering and this
phenomena gives a strong decay in the phase called jump frequency. In Figure 4.18 and
Figure 4.19 the plots of the saturated command are depicted. The features of the input
heading demand are shown in Table 4.5. Let’s notice the saw tooth trend due to the rate
limiter saturation.
Heading demand [deg] Frequency [Hz]
1 0.64
Table 4.5: Features of heading demand
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Figure 4.18: Steering saturation
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Figure 4.19: Rudder saturation
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Three simulations are brought with different heading demands(0.5°,1° and 2°) to verify
the existence of this phenomena, depicted in Figure 4.20.
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Figure 4.20: Jump frequency at serveral amplitudes
From these results, it’s clear that with a higher [lower] demand the phase decay takes place
at lower[higher] value of frequency. In fact with a higher[lower] demand, it’s sufficient a
lower[higher] frequency to have saturation of the commands. Another aspect is on the
amplitude of the Bode diagram: the three plots are the same until the saturation takes
place, when the input frequency is bigger than 3rad/s the system doesn’t respond with the
same amplitude, so the three plots are different, in particular the plot with lower input
has an higher amplitude6 obviously. To avoid command saturations, the ground path
controller must work on the low frequencies(0.1− 1rad/s) and the approximated transfer
function y/Ψi has to trace the real Bode diagram in that range of frequencies.
At low frequencies, the real Bode plot has two important features:
• the amplitude plot has a slope around 20 dB/dec;
• the phase plot has an asymptote around -90°.
So the approximated transfer function GΨi is
y
Ψi
= 34
s(s+ 0.68)
To verify the goodness of the transfer function, in the following Figure 4.21 the real bìBode
plot and the approximated Bode plot are depicted.
6In the Bode plot amplitude is depicted the ratio between the output and the input amplitude
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Figure 4.21: Comparison between real and approximated Bode plots
Now the setting of the controller comes from a scheme, depicted in Figure 4.22, very
simply. The previous analysis has shown that the system can have saturation if it works
on frequencies bigger than 3rad/s, so the controller has to have the following features:
• bandwidth lower than 3rad/s;
• phase margin bigger than 60°;
• steady-state error equal to zero.
Figure 4.22: Scheme of control for y/Ψi
Using an inversion model the controller becomes
Cy =
2
17
s+ 0.68
s+ 3
The closed loop system has the following features
• phase margin around 67°;
• bandwidth around 1 rad/s.
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Figure 4.23: Bode and root locus plots of GΨi
The Bode plot and root locus of the controlled transfer function are depicted in Figure 4.23.
In Figure 4.25 the lateral displacement of the aircraft for a sinusoidal gust input is depicted.
The gust input is depicted in Figure 4.24, so defined
vgust =
{
0, if t > 3,
1− cos(2pit), if t ≤ 3.
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Figure 4.24: Gust temporal plot
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Figure 4.25: Time response of y for a sinusoidal input
Since that the system has rate limiter saturation for bandwidth bigger than 3 rad/s, as
additional test the transfer function Ψi/vg is studied
Ψi
vg
= y
vg
· 1
GΨi
− Gv
GΨi
= − Cy ·Gv1 + Cy ·Gv
≈ 1.46 · 10−3 · (s+ 0.68)(s+ 0.64)(s2 + 0.8939s+ 0.7089)(s2 + 3s+ 4)
where Gv is the transfer function relating the speed gust with the lateral displacement
Gv = −0.012 (s+ 0.6427)(s
2 + 0.6562s+ 5.513)
s(s2 + 0.8939s+ 0.7089)(s2 + 0.6772s+ 5.353)
≈ −0.012 (s+ 0.6427)
s(s2 + 0.8939s+ 0.7089)
Ψi must not reach high amplitudes(bigger than 1°) combined with high frequencies(bigger
than 3 rad/s) otherwise the system can go on saturation. From the Bode diagram, depicted
in Figure 4.26 it’s clear that Ψi for the working range frequencies has small values avoiding
saturation problems. In Figure 4.27 the time response of Ψi for the previous gust input is
depicted.
The controller Cy has been digitized at frequency of 1kHz and the new discrete controller
Cdy is
Cdy =
0.11751(z − 0.9993)
z − 0.997
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Figure 4.26: Bode plot of Ψi/vg
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Figure 4.27: Bode plot of Ψi/vg
Chapter 5
Simulation results
In the following chapter there are the results of several simulations, the integration method
Runge-Kutta is used and the integration step is equal to 10−4. The goal is to verify the
controller defined in the previous chapters via a non linear analysis, in particular with
the first analysis there is a comparison between the analogic simulation and the digital
simulation with the three axes setted on. In the other analysis the single axes command
are setted off with condition of fail-safe and failure. In the last part the three axes are
setted on but there are external disturbs.
5.1 Test campaign definition
The events that generally happens during a landing are :
• touchdown, the aircraft touches the runway for the first time
• the shock absorbers feel the weight and respond with a vertical dynamic
• after around two seconds the brake system is activated
• the aircraft responds with a dynamic around the three axes : yaw, pitch and roll
• a possible disturbe can perturbate the aircraft
In the simulation these events are considered with the following parameters and initial
conditions:
• tbrake = 2s, time when the brakes are actived
• tgust = 3s, time when the gust runs over the aircraft
• Vxland = 50m/s, initial velocity of the aircraft
• ωω0 = 0rad/s, initial angular velocity of the wheels
• µ = 0.8, friction of a dried runway
• Vxstop = 1m/s, stop simulation velocity
• Sx = 0.1, slip ratio parameter
Initially the shock absorber is completely extended and the other not mentioned variables
are setted to zero.
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5.2 Commands and disturbances time histories
The trust of both engines, depicted in Figure 5.1, has an initial costant value that balances
the resistance of the aircraft, at time of two seconds a trust decay, for each engine, of
−Tmax/2 N/s brings the trust to zero in one second.
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Figure 5.1: Temporal evolution of trust
The Certification Specification and Acceptable Means of Compliance for Normal, Utility,
Aerobatic, and Commuter Categroy Aeroplanes or CS-23 [15] establishes that the shape of
the gust is
U = Ude2
(
1− cos
( 2pis
25C¯
))
where
• s is the distance penetrated into gust
• C¯ is the mean geometric chord of wing
• Ude = 50fps is the derived gust velocity
For the simulations three sinusoidal gusts, depicted in Figure 5.2, have been considered
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Figure 5.2: Temporal evolution of gust
In the Figure 5.3 is depicted the analogic model and in Figure 5.4 is depicted the digital
model used for the simulations
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Figure 5.3: Analogic model
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Figure 5.4: Digital model
CHAPTER 5. SIMULATION RESULTS 55
5.3 Trajectory tracking tests
With the first simulation there is a comparison between analogic and digital simulation,
since analogic and digital simulation have a very good correspondence than the plot of the
following simulations are taken from the digital simulation.
5.3.1 Normal operation
In these simulation the three axes are active. In Figure 5.5 is depicted the trajectory
the aircraft’s center of gravity, in particular the dotted lines symbolyzes the passageway
in which the airplane has to be to satisfy the requisites of the flying qualities. The Mil-
Handbook 1797, for landing and roll-out, establishes two levels[16]
• desired: the nose wheel has to be distant from the center line not beyond the 10ft
(≈ 3.05m)
• adequate: the nose wheel has to be distant from the center line not beyond the
25ft (≈ 7.02m)
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Figure 5.5: Comparison trajectories
To satisfy the requisities of flying qualities it’s necessary to observe the Ψ response, de-
picted in Figure 5.6. From this plot it’s clear that at the end of landing the aircraft has
Ψ = −0.05°, the airplane it’s obviously parallel to the center line and so the nose wheel
have the same distance to the center line, satisfying the desired level. It’s interesting notice
that the aircraft have a very low displacement to the center line, around 0.6m, although
there is a strong lateral gust and the longitudinal path is around 400m.
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Figure 5.6: Comparison of Ψ response
The first three oscillations are due to the gust, and these oscillations are observable on
the three command axes, in particular the command of rudder and steering, depicted in
Figure 5.7 and Figure 5.8, are in antiphase to bring the yaw angle to zero. After the gust,
the command of the rudder doesn’t oscillate anymore because the velocity of the aircraft
is reducing and the torque given by the rudder, since it is proportional to V 2, becomes
less important.
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Figure 5.7: Comparison of rudder angle response
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Figure 5.8: Comparison of steering angle response
The torque and the pressure, depicted in Figure 5.9 and Figure 5.10, at first two seconds,
have a local peak due to the dynamic of the small pistons of the hydraulic brakes. When
the gust runs over the aircraft, the right brake gives more torque than the left one, so the
friction force acting on the right wheel is higher than the friction force acting on the left
wheel, this difference gives a positive torque along the zeta axis, reducing the yaw angle.
When the gust ends the torque reduces because the simulation is done with a feebak in
slip-ratio, infact the speed of the aircraft doesn’t have a linear decay, but the acceleration
reduces so the torque has to reduce for keeping the slip ratio constant.
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Figure 5.9: Comparison torques on wheels
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Figure 5.10: Comparison pressure in the chamber pressure
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Figure 5.11: Comparison speed aircraft
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The digital pressure and torque signals have several oscillations when the speed is reducing,
as the digital slip ratio signal, depicted in Figure 5.12. These oscillations derive from the
quantizer block, so it’s a resolution problem. The slip ratio of the right wheel is
Sx = 1− ωr
ωn
Stating with r the committed error to calculate the angular velocity of the right wheel
and with n the committed error to calculate the angular velocity of the nose wheel, the
calculated slip ratio is
Sx = 1− ωr + r
ωn + n
Developing with Taylor at the first order we obtain
Sx ≈ 1− ωr
ωn
+ 1
ωn
(
r − ωr
ωn
n
)
Stating with Sx0 the mean value 1− ωr/ωn, the maximum error becomes
|Sx − Sx0 | ≤
2max
ωn
where max is the value of the resolution. It’s clear that when the velocity reduces the
angular velocity consequently reduces too and the maximum error raises.
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Figure 5.12: Comparison slip ratio
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The vertical loads on the main landing gear, depicted in Figure 5.13, have initially the
same value, when the gust runs over there is a raise of Φ angle, depicted in Figure 5.14,
and the right landing gear is more loaded than the left one. The mean value of the load
has a slow raise due to the decrease of the lifting.
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Figure 5.13: Comparison of vertical loads on main landing gear
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Figure 5.14: Comparison Φ
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The vertical load on the nose landing gear has initially a strong raise due to an increase
of pitch angle. The increase of pitch angle is due to the setted initial condition of the
simulation, the wheels have an initial angular velocity equal to zero, so in the first two
seconds the angular velocity has to reach the value of pure rolling. The wheels have an
angular acceleration due to the friction forces acting on the them, and these forces give a
negative pitch torque so the pitch angle decrease and the nose is overloaded. The dynamic
of shock absorbers successively influences the pitch dynamic and the load on the nose
landing gear.
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Figure 5.15: Comparison of vertical load on nose landing gear
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Figure 5.16: Comparison Θ
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5.3.2 Fail-operative conditions
In the following simulations the single axes are setted off to evaluate the response of the
model.
Performances with no differential brakes
The aircraft, normally, does a directional control through rudder and steering, brakes help
the aircraft to decelerate but they don’t give any contribution to the directional control.
In the following Figure 5.17 is depicted the trajectory of the aircraft, it’s clear that the
aircraft is able to do a directional control.
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Figure 5.17: Trajectory
In the Figure 5.18 the temporal evolution initially is similar to the previous one, but at
the end of the simulation there are stronger oscillations due to the lower contribute of
the rudder, so when the speed is reducing the directional control is entrusted to the nose
wheel steering.
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Figure 5.18: Temporal evolution of Ψ
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The rudder and steering response, depicted in Figure 5.19 and Figure 5.20, have bigger
oscillations to provide for the lack of the differential brakes.
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Figure 5.19: Rudder angle response
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Figure 5.20: Steering angle response
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The torques on the wheels and the pressure, depicted in Figure 5.21 and Figure 5.22, are
not equal because the wheels doesn’t have the same slip ratio, depicted in Figure 5.24. The
torque reduces because there is a control in slip-ratio, so the deceleration of the aircraft
reduces too. In the figure Figure 5.23 are depicted the speed of aircraft and wheels.
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Figure 5.21: Temporal evolution of torque on wheels
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Figure 5.22: Pressure in the chamber pressure
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Figure 5.23: Temporal evolution of speed aircraft
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Figure 5.24: Temporal evolution of slip ratio
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In Figure 5.25,Figure 5.26,Figure 5.27 and Figure 5.28 are depicted the temporal evolution
of the vertical loads on the landing gears and the pitch and roll angles.
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Figure 5.25: Vertical loads on main landing gear
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Figure 5.26: Temporal evolution of Φ
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Figure 5.27: Vertical load on nose landing gear
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Figure 5.28: Temporal evolution of Θ
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Performances with nose wheel steering fail-safe
In this simulation rudder and diffeerential brakes are setted on while nose wheel steering
is fail-safe, it doesn’t give any force or moment to the aircraft but it followes the aircraft
direction. In Figure 5.29 and Figure 5.30 are depicted the trajectory and the temporal
evolution of yaw angle.
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Figure 5.29: Trajectory
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Figure 5.30: Temporal evolution of Ψ
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There aren’t changes in the temporal evolution because the commands of rudder and
differential brakes, depicted in Figure 5.31 and Figure 5.32, are more stressed to provide
for the lack of steering guaranteing the same performances.
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Figure 5.31: Rudder angle response
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Figure 5.32: Temporal evolution of torque on wheels
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Figure 5.33: Pressure in the chamber pressure
Since the torque on the right wheel is higher and the torque on the left one is lower,
consequently the speed on the right wheel is lower and the speed on the left wheel is
higher, as shown in Figure 5.34. These oscillations are visible when the gust runs over the
aircraft.
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Figure 5.34: Temporal evolution of speed aircraft
The oscillations are also visible in Figure 5.35, infact the loop on the yaw angle tries to
reduce Ψ but in the mean time the slip-ratio feedback tries to have a costant slip ratio
around to 0.1. Initially, when the gust runs over the aircraft, the torque on the right wheel
raises and consequently its slip ratio, than the feedback on slip ratio reduces the right slip
ratio and the torque reduces, for the left wheel is exactly in reverse order. This one always
happens, infact there are oscillations for all the time of simulation, but, when the gust
runs over the aircraft, this phenomena is underlined by the differential contribution of the
brakes.
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Figure 5.35: Temporal evolution of slip ratio
In Figure 5.36, Figure 5.37, Figure 5.38 and Figure 5.39 are depicted the temporal
evolution of the vertical loads on the landing gears and the pitch and roll angles.
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Figure 5.36: Vertical loads on main landing gear
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Figure 5.37: Temporal evolution of Φ
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Figure 5.38: Vertical load on nose landing gear
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Figure 5.39: Temporal evolution of Θ
Performances with nose wheel steering blocked
In this simulation rudder and differential brakes are setted on and the nose wheel steering
is blocked. In Figure 5.40 and Figure 5.41 are depicted the trajectory and the temporal
evolution of yaw angle.
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Figure 5.40: Trajectory
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Figure 5.41: Temporal evolution of Ψ
There aren’t changes in the temporal evolution because the commands of rudder and
differential brakes, depicted in Figure 5.42 and Figure 5.43, are more stressed than the Fail-
safe simulation because the blocking of steering rows against, nevertheless they guarantee
the same performances.
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Figure 5.42: Rudder angle response
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Figure 5.43: Temporal evolution of torque on wheels
In Figure 5.44, Figure 5.45 and Figure 5.56 are depicted the temporal evolution of
pressure, speed of aircraft and slip ratio.
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Figure 5.44: Pressure in the chamber pressure
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Figure 5.45: Temporal evolution of speed aircraft
The oscillations of slip ratio are more evident because the differential contribution of the
brakes is more stronger.
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Figure 5.46: Temporal evolution of slip ratio
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In Figure 5.47, Figure 5.48, Figure 5.49 and Figure 5.50 are depicted the temporal
evolution of the vertical loads on the landing gears and the pitch and roll angles.
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Figure 5.47: Vertical loads on main landing gear
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Figure 5.48: Temporal evolution of Φ
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Figure 5.49: Vertical load on nose landing gear
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Figure 5.50: Temporal evolution of Θ
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Performances with only differential brakes on
In this simulation only differential brakes are setted on and the nose wheel steering is
blocked. This simulation is very critical because there are two malfunctionings but from
the aeronautical point of view is necessary to guarantee the security of the aircraft. From
the Figure 5.51 and Figure 5.52 it’s clear that the aircraft is able to finish the landing
with the same performances, infact the maximum displacement is around 0.6 m and the
longitudinal path is a bit more than 400m.
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Figure 5.51: Trajectory
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Figure 5.52: Temporal evolution of Ψ
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From the Figure 5.53 and Figure 5.54 it notices that the brake system is used almost to
the maximum capability so, while the gust runs over the aircraft, the oscillations in the
plot of speed, Figure 5.55, and those ones in the plot of slip ratio, Figure 5.56, are more
evident.
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Figure 5.53: Temporal evolution of torque on wheels
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Figure 5.54: Pressure in the chamber pressure
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Figure 5.55: Temporal evolution of speed aircraft
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Figure 5.56: Temporal evolution of slip ratio
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In Figure 5.57, Figure 5.58, Figure 5.59 and Figure 5.60 are depicted the temporal
evolutions of the vertical loads on the landing gears and the pitch and roll angles.
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Figure 5.57: Vertical loads on main landing gear
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Figure 5.58: Temporal evolution of Φ
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Figure 5.59: Vertical load on nose landing gear
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Figure 5.60: Temporal evolution of Θ
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5.3.3 Other external disturbs
In this part the three command axes setted on, but there are other uncertain phenomena
togheter the lateral gust. Usually this phenomana are related to the condition of the
runway, in particular the phenomena are:
• Wet runway
• Reduction of the friction coefficient
Wet runway
In this simulation the asymptotic value of the friction coefficient is 0.4. The trajectory of
the aircraft, Figure 5.61, is similar to that one of the simulation with dry runway but the
maximum lateral displacement and longitudinal path are bigger, the first one is around
1m, the second one is around 500m.
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Figure 5.61: Trajectory
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Figure 5.62: Temporal evolution of Ψ
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The rudder and steering command are more stressed because with a wet runway the
wheels have less adherence and consequently the torque one the wheels is reduced and
the differential contribution is lower. To provide for this lack the rudder and steering
commands, Figure 5.63 and Figure 5.64, are more stressed and they reach higher values
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Figure 5.63: Rudder angle response
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Figure 5.64: Steering angle response
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The torque, as said before, has lower values nevertheless there are higher oscillations due
to the lower friction coefficient. The only torque acting on the wheels are the torque
given by the brake and the opposite torque given by the friction, taking as reference the
Figure 5.65 we obtain
Far − Tb = Iθ¨ → µFvr − Tb = Iθ¨ (5.1)
the friction coefficient on wet runway is the half of the friction coefficient on dry runway,
since Fv is more or less the same than torque gives strong angular acceleration on the wet
runway and the angular velocity quickly changes, consequently this effect reflects also on
the slip ratio.
Figure 5.65: Forces and torque acting on the wheel
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Figure 5.66: Temporal evolution of torque on wheels
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Figure 5.67: Pressure in the chamber pressure
As said before there are oscillations on the speed of the wheels and o the slip ratio,
Figure 5.68 and Figure 5.69
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Figure 5.68: Temporal evolution of speed aircraft
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Figure 5.69: Temporal evolution of slip ratio
In Figure 5.70, Figure 5.71, Figure 5.72 and Figure 5.73 are depicted the temporal
evolutions of the vertical loads on the landing gears and the pitch and roll angles.
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Figure 5.70: Vertical loads on main landing gear
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Figure 5.71: Temporal evolution of Φ
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Figure 5.72: Vertical load on nose landing gear
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Figure 5.73: Temporal evolution of Θ
5.3.4 Puddle on runway
In this simulation it’s simulated the presence of a puddle that gets worse the performance
of the right wheel. The aircraft takes one second to overcome the puddle, this disturb is
introduced at time equal to 8 second. This external disturb doesn’t affect the trajectory
of the aircraft, Figure 5.74 that is more or less the same.
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Figure 5.74: Trajectory
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The effetcs are more clear on yaw angle, Figure 5.76. When the aircraft goes on the
puddle the right wheel develops less friction force, as shown in Figure 5.75, and a negative
moment along the yaw axis is generated, so we can observe at time 8 a raise of yaw angle.
Figure 5.75: View from above of tires
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Figure 5.76: Temporal evolution of Ψ
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Because of the raise of yaw angle there is a raise of rudder and steering commands, Fig-
ure 5.77 and Figure 5.78, infact they have to balance and overcome the moment generated
by the lack of friction force to realign the aircraft.
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Figure 5.77: Rudder angle response
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Figure 5.78: Steering angle response
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When the wheels is on the puddle feels less friction force, to avoid the blocking of the tire
the torque acting on the right wheel has a sudden reduction, in the mean time to avoid
a quick raise of yaw angle there is a reduction of torque on the left wheel. When the
puddle is overcomed the torques reach normal values. It is depicted in Figure 5.79 and
Figure 5.80.
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Figure 5.79: Temporal evolution of torque on wheels
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Figure 5.80: Pressure in the chamber pressure
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Becuase of the lack of friction force the right wheel has a great angular deceleration (see
equation (5.1)) so the angular velocity reduces and consequently the slip ratio raises; for
the left wheel is the opposite, the torque acting on it is reduced so the wheel has an angular
acceleration and consequently the slip ratio decreases. It is depicted in Figure 5.81 and
Figure 5.82.
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Figure 5.81: Temporal evolution of speed aircraft
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Figure 5.82: Temporal evolution of slip ratio
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The roll angle, depicted in Figure 5.84, doesn’t have strong changes because the pertur-
bation is along the longitudinal axis and so there isn’t a variation of the torques along the
roll axis. The loads on the main gear, depicted in Figure 5.83, have a light variation, in
particular there is a local raise of the mean value of the vertical load due to the second
local peak of the pitch angle.
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Figure 5.83: Vertical loads on main landing gear
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Figure 5.84: Temporal evolution of Φ
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In Figure 5.86 there are two local peaks, the first one is given by the friction force per-
turbation that gives a lower torque along the pitch axis and consequently a raise of pitch
angle, the seconde one is a response of the first one, infact the main landig gear is lightly
overloaded and the vertical loads give a negative pitching moment, consequently the pitch
angle decreases and reaches a minimum value. The load on the nose wheel steering, de-
picted inFigure 5.85, follows the pitch angle, when Θ is less negative the load reduces and
vice versa.
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Figure 5.85: Vertical load on nose landing gear
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Figure 5.86: Temporal evolution of Θ
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5.4 Summary of results
At the end of these simulations we can say that all the simulation have given good results,
in the first simulation we have the best results stressing the least possible each command
axis. The critical condition is the simulation with wet runway where the aircraft has the
maximum displacement from the center line. In Table 5.1 are summarized the principal
results, herewith are explained the used symbols :
• RSB is for the simulation with the three axes setted on
• RS is for the simulation with differential brakes setted off
• RBFS is for the simulation with a fail safe of nose wheel steering
• RBF is for the simulation woth the nose wheel steering blocked
• Puddle is for the simulation with the puddle
• Wetrunway is for the simulation with the wet runway
Simulation Ψmin [deg]
Max. lateral
displacement [m] Path [m] Time [s]
RSB -1.15 0.6 418 20.4
RS -1.3 0.63 416 20.3
RBFS -1.4 0.74 420 20.5
RBF -1.1 0.55 420 20.5
BF -1.1 0.58 422 20.5
Puddle -1.2 0.59 433 21
Wetrunway -1.8 0.91 520 23.7
Table 5.1: Simulation results
Chapter 6
Conclusions and future
developments
This work shows the great effectiveness of the model to satisfy the flying qualities, in par-
ticular the maximum value of the yaw angle is very small and the maximum displacement
from the center line has lower value than desired requests.
From the comparison among the results of the simulation it’s clear that the best
performance are with the three command setted on, the command are not much stressed
and the maximum lateral displacement with the longitudinal path have the lowest values.
The performances can be improved because it’s not used a guide law but is requested a
costant slip ratio. The response between the digital model and the analogic one are the
same so the digital model can be considered as reference.
The best model has been tested with different surface conditions of the runway, two
situations has been considered :
• the wet runway
• the presence of a puddle
In the first case the maximum lateral displacement and the longitudinal path are
augmented, in the second case only the longitudinal path is augmented. This results
show that the response of the model depends on the surface runway condtion but a local
perturbation on the directional control is well rejected.
In these simulations the effects of many elements are not considered such as spoilers
and elevator that can help the aircraft to rudece the oscillations along the pitch axes, in
particular during the first moments of simulation. Furthermore the tire model is very
simply and it works when the angles are not too big so a more detailed model con be
used. A more real model af the main landing gear can be created. The model can be so
improved :
• Using of a more detailed model to evaluate the interaction forces between tire and
runway
• Introducing of a more real kinematic model of the main landing gear
• Design a longitudinal control in picth to reduce the oscillations
• Improving the guide law
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